The intracellular parasite Toxoplasma gondii has multiple strategies to alter host cell function, including the injection of rhoptry proteins into the cytosol of host cells as well as bystander populations, but the consequence of these events is unclear. Here, a reporter system using fluorescent parasite strains that inject Cre recombinase with their rhoptry proteins (Toxoplasma-Cre) was combined with Ai6 Cre reporter mice to identify cells that have been productively infected, that have been rhoptry injected but lack the parasite, or that have phagocytosed T. gondii. The ability to distinguish these host-parasite interactions was then utilized to dissect the events that lead to the production of interleukin-12 p40 (IL-12p40), which is required for resistance to T. gondii. In vivo, the use of invasion-competent or invasion-inhibited (phagocytosed) parasites with IL-12p40 (YET40) reporter mice revealed that dendritic cell (DC) and macrophage populations that phagocytose the parasite or are infected can express IL-12p40 but are not the major source, as larger numbers of uninfected cells secrete this cytokine. Similarly, the use of Toxoplasma-Cre parasite strains indicated that dendritic cells and inflammatory monocytes untouched by the parasite and not cells injected by the parasite are the primary source of IL-12p40. These results imply that a soluble host or parasite factor is responsible for the bulk of IL-12p40 production in vivo, rather than cellular interactions with T. gondii that result in infection, infection and clearance, injection of rhoptry proteins, or phagocytosis of the parasite.
T oxoplasma gondii is an obligate intracellular parasite that infects approximately 30% of the world's population (1) . The development of protective immunity to this microorganism is dependent on the innate recognition of T. gondii, which leads to the production of interleukin-12 (IL-12), which is essential for NK and T cell secretion of gamma interferon (IFN-␥) (2) (3) (4) (5) (6) (7) (8) . IFN-␥ in turn stimulates numerous antimicrobial effector mechanisms required for the control of T. gondii (9, 10) and is involved in amplifying the production of IL-12 (11, 12) . Given the key role of IL-12 in resistance to T. gondii and other pathogens, many groups have sought to define its cellular source and to understand the mechanisms that trigger its production (13) . As a result, monocytes (14) , neutrophils (15, 16) , macrophages (3, 17) , conventional dendritic cells (cDCs) (6, (18) (19) (20) (21) (22) , and plasmacytoid DCs (23) have all been shown to produce IL-12 during toxoplasmosis. However, recent studies have highlighted the important contribution of CD8␣ ϩ DCs (21) and monocyte-derived DCs as relevant sources of IL-12 during experimental toxoplasmosis (18) .
While there is an extensive literature on the multiple sources of IL-12 during toxoplasmosis, less is known about what host-microbe interactions induce the initial production of IL-12 during this infection. The in vitro incubation of macrophages/DCs with live parasites, heat-killed organisms, or soluble parasite extracts can promote IL-12, and MyD88-Toll-like receptor (TLR) signaling has been implicated in the recognition of T. gondii and synthesis of IL-12 in several studies (19, (24) (25) (26) (27) . Of relevance to understanding the events that lead to IL-12 production is the basic cell biology of how T. gondii interacts with host cells. To date, it has not been obvious how parasite-derived pathogen-associated molecular patterns (PAMPs) are detected by the host. It has been well established that as T. gondii infects cells, it forms a unique parasitophorous vacuole (PV) that is distinct from the lysosomal system (28, 29) . Within this PV, at least two secreted dense granule proteins (GRA15 and GRA24) have been linked to the induction of IL-12 production (30, 31) . Nod-like receptors (NLRs) have also been implicated in recognition of intracellular Toxoplasma, although the ligands involved have yet to be determined (32) . In contrast, phagocytosis of this organism leads to its degradation (33) and potential recognition of known parasite PAMPs (e.g., DNA and profilin) by endosomal TLRs such as TLR9, -11, and -12. Implicit in these models is the idea that DCs and/or macrophages that phagocytose the parasite or kill intracellular parasites would be sources of IL-12. However, there is strong evidence that profilin, a parasite-derived soluble factor, can induce expression of IL-12 (27, 34) , and there may be multiple pathways/mechanisms for profilin to bind to TLR11 and -12. Nevertheless, the idea that parasite lysis is required for the release of profilin (35) would suggest that endocytosis of this released, soluble profilin is a primary mechanism to drive IL-12 production in vivo.
While IL-12 is key for resistance to T. gondii, there is a literature showing that this organism can interfere with the production of this cytokine. T. gondii can inject effector proteins into the host cell cytosol that activate the host cell transcription factors STAT3 and STAT6, two transcription factors associated with inhibition of IL-12 (36) (37) (38) (39) . In addition, recent in vitro and in vivo studies that used parasites that inject Cre recombinase along with their normal cargo of rhoptry proteins (Toxoplasma-Cre parasites) combined with Ai6 mice bearing the Cre-dependent reporter (ZsGreen1 fluorescent protein) (40) revealed that the injection of rhoptry proteins into bystander cells (or multiple cells by serial injection) without invasion is one mechanism that results in a population previously designated uninfected-injected (U-I) cells (36, 41, 42) . These previous studies indicated that U-I cells could also result from division of infected cells or from infected cells activated to kill and clear the intracellular parasite (41) , and this study classifies all cells that are subject to these host-parasite interactions as U-I cells. The identification of U-I populations highlights the ability of these transgenic parasites to be used to better characterize the host-pathogen interactions (productive infection, phagocytosis, and U-I populations) that lead to IL-12 production. The in vitro studies presented here provide novel insights into the utility of these Toxoplasma-Cre reporter strains that express various fluorescent proteins (including mCherry, which is resistant to lysosomal degradation) to track different host-parasite interactions. In vivo experiments with these organisms indicate that direct interaction with the parasite (infection, phagocytosis, or injection) does not appear to be critical for the production of IL-12p40 at early time points but rather that innate immune cells that have likely interacted with soluble TLR ligands or proinflammatory cytokines are the primary source of IL-12p40.
MATERIALS AND METHODS
Mice. C57BL/6 6-to 10-week-old mice were obtained from The Jackson Laboratory (Bar Harbor, ME) and Taconic (Cranbury, NJ). Ai6 mice (a more sensitive Cre reporter strain with the insertion of a CAG promoter in a Rosa26 locus) and YET40 mice (IL-12p40 knock-in mice in which yellow fluorescent protein [YFP] reports transcription of the p40 allele) were originally obtained from The Jackson Laboratory and bred in the University of Pennsylvania animal facility. Ai6 mice treated with anti-IFN-␥ blocking antibody (Ab) (clone XMG1.2) were given 1 mg of antibody intraperitoneally (i.p.) 1 day before infection and 3 days after infection and were euthanized at 5 days postinfection (dpi) for analysis. All procedures involving mice were reviewed and approved by the Institutional Animal Care and Use Committee of the University of Pennsylvania (Animal Welfare Assurance reference number A3079-01) and were in accordance with the guidelines set forth in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Parasites and infection. Transgenic Pru-tdTomato was generated as previously described (43) . Toxoplasma-Cre strains of T. gondii (RH-CremCherry, Pru-Cre-mCherry, Pru-mCherry, and Pru-Cre-tdTomato) were generated as previously described (41, 44) . Briefly, parental parasites (Pru-tdTomato⌬hpt) which lack the endogenous gene for hypoxanthine xanthine guanine phosphoribosyl transferase (HPT) were transfected with the previously described vector which expresses the selectable HPT marker and the epitope-tagged rhoptry protein fused to Cre recombinase (ptoxofilin-Cre) (44) . Parasites were then subjected to several rounds of selection for the expression of HPT using medium containing 25 g/ml of mycophenolic acid and 50 g/ml of xanthine before being cloned by limiting dilution. Single-cell clones that were HPT positive (HPT ϩ ) were then confirmed to efficiently cause Cremediated recombination in a Cre reporter cell line as previously described (44 Tachyzoites of each strain were prepared for infection by serial needle passage and filtered through a 5-m-pore-size filter. Mice were infected i.p. with 10 4 or 10 6 live, invasion-competent parasites. To prevent parasite invasion and rhoptry secretion (which promotes phagocytic uptake of live parasites), RH-Cre-mCherry parasites were resuspended in fetal calf serum (FCS) and treated with 100 M 4-bromophenacyl bromide (4-BPB) dissolved in dimethyl sulfoxide (DMSO) (Sigma) for 10 min at 37°C. Parasites were then rinsed with phosphate-buffered saline (PBS) prior to injection or addition to in vitro cell culture assay mixtures.
In vitro cell culture and imaging. Wild-type (WT) and Ai6 bone marrow macrophages (BMM) and bone marrow DCs (BMDCs) were grown by isolating bone marrow from the long bones of Ai6 mice, and red blood cells (RBCs) were lysed with 0.86% ammonium chloride. Bone marrow cells were then plated at 2 ϫ 10 6 per 100-mm non-tissue culturetreated plate in 10 ml medium. For BMM, macrophage medium (complete DMEM with 25 mM HEPES, 1% penicillin-streptomycin, 1 mM sodium pyruvate [Gibco] , and 0.1% ␤-mercaptoethanol) was supplemented with 30% L929 supernatant. BMM were then fed an additional 10 ml of macrophage medium with 30% L929 on days 3 and 6. Between days 7 and 9, cells were harvested using ice-cold PBS with 5 M EDTA, and 10 6 cells were plated in 35-mm MatTek imaging dishes in macrophage medium. BMDCs were cultured in 10 ml of complete RPMI (RPMI with 10% FCS, 1% penicillin-streptomycin, 1 mM sodium pyruvate, 1% nonessential amino acids [Gibco] , and 0.1% ␤-mercaptoethanol) supplemented with 20 ng/ml granulocyte-macrophage colony-stimulating factor (GM-CSF) (Peprotech) and fed an additional 10 ml of complete RPMI with GM-CSF on days 3 and 6. On day 7, cells were harvested using ice-cold PBS and cultured in polypropylene tubes at 10 6 cells/ml. Splenic DCs were generated by subcutaneous injection of 3 ϫ 10 6 B16 melanoma cells expressing FLT3 ligand in Ai6 mice. CD11c ϩ DCs were then purified by magnetic-activated cell sorting (MACS) from single-cell suspensions of spleens from these tumor-bearing mice.
For the measurement of the kinetics of ZsGreen1 expression by flow cytometry, Pru-Cre-tdTomato parasites were added at a multiplicity of infection (MOI) of 1 to the BMM. Cells were then harvested at different time points and analyzed. For the measurement of ZsGreen1 kinetics by fluorescence microscopy, RH-Cre-mCherry parasites were added to Ai6 BMM at an MOI of 1. BMM were subsequently imaged for 20 h using a Leica DMI4000 microscope equipped with a Yokogawa CSU10 spinningdisk confocal unit, a Hamamatsu ImagEM EMCCD camera, and an environmental chamber maintaining 37°C, 5% CO 2 , and high humidity. For phagocytosis assays, RH-Cre-mCherry parasites were treated with 4-BPB and fed to WT BMM. At 4 h after infection, medium containing LysoTracker Green at 70 nM was added to the cells and left for 30 min at 37°C. Cells were subsequently rinsed with macrophage medium and imaged with the spinning-disk confocal microscope described above. For IL12p40 assays, BMDCs or splenic DCs were infected for 18 to 20 h with Pru-Cre-tdTomato at an MOI of 1.
Flow cytometry and Amnis ImageStream. Single-cell suspensions were prepared from peritoneal exudate cells (PECs) by a peritoneal wash with 8 ml ice-cold PBS. PECs were then resuspended in complete RPMI 1640. Single-cell suspensions were prepared from spleens and mediastinal and parathymic lymph nodes (LN). RBCs were lysed using 0.86% ammonium chloride. Cells for staining (2 ϫ 6 cells from the peritoneal exudate, spleen, or LN were plated in a 96-well plate and incubated with 1ϫ brefeldin A at 37°C for 6 h. Harvested cells were surface stained as described above, fixed using 2% paraformaldehyde at room temperature for 10 min, and then washed with flow cytometry buffer. Cells were then stained for intracellular cytokines in 50 l of 0.5% saponin (Sigma-Aldrich) in flow cytometry buffer at 4°C for 1 h. Cells were washed and resuspended in flow cytometry buffer for acquisition. Abs used were anti-Ly6C-peridinin chlorophyll protein (PerCP)-Cy5.5 (eBioscience, clone HK1.4), anti-major histocompatibility complex II (MHCII)-Alexa Fluor 700 (eBioscience, clone M5/ 114.15.2), anti-Ly6G-allophycocyanin (APC) (BioLegend, clone 1A8), anti-CD3-PacBlue (BioLegend, clone 17A2), anti-NK1.1-PacBlue (BioLegend, clone PK136), anti-CD19 -eFluor 450 (eBioscience, clone 1D3), anti-CD11b-APC-eFluor780 (eBioscience, clone M1/70), anti-CD11c-phycoerythrin (PE)-Cy7 (eBioscience, clone N418), anti-CD8a-eFluor650NC (eBioscience, clone 53-6.7), and anti-IL-12/23p40 -Alexa Fluor 647 (eBioscience, clone C17.8). Results were analyzed using FlowJo 9.2 (Tree Star, Ashland, OR) and Amnis Ideas software.
Statistical analyses. To determine statistical significance, Student t tests were performed.
RESULTS

Interaction of
Toxoplasma-Cre strains with Ai6 Cre reporter macrophages. Previous studies have described the use of Cremediated reporters (enhanced green fluorescent protein [eGFP] and luciferase) to detect the ability of T. gondii to inject Cre (41, 44) , but the Ai6 reporter mouse strain has emerged as a more sensitive reporter, especially in adult cells (40, 41) . To better understand the kinetics and fidelity of this reporter in macrophages, a cell type critical for immunity to T. gondii, BMM were derived from the Ai6 mice. These cells were infected with the avirulent Prugniaud (Pru) strain expressing tdTomato (Pru-tdTomato) or with a virulent RH or avirulent Pru strain engineered to express the Cre fusion protein along with mCherry or tdTomato (RHCre-mCherry and Pru-Cre-tdTomato). At 20 h postinfection (hpi), the ZsGreen1 reporter protein was expressed by cells infected with the Pru-Cre-tdTomato strain but not by those infected with the Pru-tdTomato strain. Thus, reporter expression was exclusive to Toxoplasma-Cre parasites and was not induced by infection alone (Fig. 1A) , which is consistent with previous work (41) . Flow cytometric analysis of these cultures reveals four populations of interest: cells containing a parasite but not expressing the ZsGreen1 reporter (quadrant a), infected cells expressing the reporter (quadrant b), uninfected-injected (U-I) cells (quadrant c), and untouched cells which had not been infected or injected or phagocytosed T. gondii and thus did not express the reporter or contain a detectable parasite-derived material (quadrant d). Images of populations a to c were captured using an Amnis ImageStream, and representative images that illustrate the presence or absence of the parasites expressing tdTomato are presented in Fig.  1B . As in previous studies (41) , expression of ZsGreen1 was not dependent on the strain of Toxoplasma-Cre parasite used. Similarly, the relative frequency of the four populations described above was essentially identical for the Cre-expressing RH and Pru strains, suggesting that there are no intrinsic strain-specific effects in these in vitro assays. In both RH-Cre-mCherry (Fig. 1C) and Pru-Cre-tdTomato (Fig. 1D) infections, ZsGreen1 expression can be detected as early as 7 hpi by live cell fluorescence microscopy or flow cytometry, reaching peak intensity by approximately 18 hpi. However, the slow kinetics of ZsGreen1 expression makes it difficult to distinguish cells that had phagocytosed T. gondii from those that were newly infected but had yet to express detectable levels of ZsGreen1.
When these kinetic studies were performed using ToxoplasmaCre parasites expressing mCherry, a population of cells that contained a diffuse red staining suggestive of parasite debris was revealed by fluorescence microscopy (data not shown). Images obtained by ImageStream revealed that Ai6 BMM infected with mCherry-expressing parasite strains contained either diffuse or punctate red fluorescence ( Fig. 2A) . To determine whether cells containing diffuse mCherry fluorescence would appear as Toxo 
ZsGreen1
Ϫ cells by flow cytometry, the fluorescence intensities of cells containing punctate versus diffuse mCherry fluorescence were compared (Fig. 2B) . To delineate these two populations, the area of mCherry fluorescence was plotted against the mean mCherry fluorescence intensity. This plot distinguishes cells containing small, intact, highly fluorescent parasites from cells containing dim, diffuse, fluorescent parasite debris. At 20 h after infection, when plotted as mCherry versus ZsGreen1, the total mCherry fluorescence intensity of these two distinct populations of diffuse and punctate mCherry ϩ cells overlaps in mCherry fluorescence intensity (Fig. 2C ). This analysis also revealed that the vast majority of cells that contained diffuse mCherry fluorescence were ZsGreen1
Ϫ . This observation suggests that this mCherry ϩ parasite debris results from phagocytosis of the tachyzoites rather than the clearance of the parasite from an infected cell that would have been exposed to rhoptry-injected Cre-recombinase and then become ZsGreen1 ϩ . To directly determine whether these diffuse red cells result from phagocytosis of the parasite, Ai6 BMM were cultured in the presence of RH-Cre-mCherry treated with 4-BPB, an inhibitor of rhoptry injection which prevents parasite invasion (45) . In these experiments, this treatment results in phagocytosis of the parasite, as shown by the presence of the mCherry ϩ parasite in the lysosomal system at 4 h after addition of the parasites (Fig. 2D) . Flow cytometric analysis after 18 h showed a significant enrichment of untouched or Toxo ϩ ZsGreen1
Ϫ cells (Fig. 2E) , and the vast majority of mCherry ϩ cells contained characteristic diffuse red staining (Fig. 2F) . The sensitivity of this system is illustrated by the detection of a single cell (circled in Fig. 2F) 
Ϫ cell is recently infected or has phagocytosed the parasite and contains fluorescent parasite debris.
Tracking host-parasite interactions in vivo. To examine hostparasite interactions in vivo, Ai6 Cre reporter mice were infected i.p. with 10 4 Pru-mCherry or Pru-Cre-mCherry tachyzoites, and the peritoneal exudate cells (PECs) were examined by flow cytometry at day 5 postinfection (Fig. 3A) . This analysis combined with images from the ImageStream (Fig. 3B) showed that the same hostparasite interactions detected during in vitro infections with Ai6 BMM could be detected in vivo at the site of infection. In quadrants a to c, Toxo ϩ ZsGreen1 Ϫ cells containing punctate or diffuse red fluorescence as well as Toxo ϩ ZsGreen1 ϩ and U-I populations were observed. In contrast to the in vitro infections (Fig. 1A) , the ratio of U-I to Toxo ϩ ZsGreen1 ϩ cells in vivo is increased 18-fold (from 1:6.6 in vitro to 1:0.4 in vivo), indicating that while all the same host-parasite interactions are detected, their relative frequencies may be different.
To better understand how these interactions between host immune cells and the parasite change with time in different tissues, Ai6 mice were infected with 10 4 Pru-Cre-tdTomato i.p., and the phenotypes of infected and ZsGreen1 ϩ cells in the peritoneal exudate, spleen, and draining lymph nodes were assessed at 3, 5, and 10 days postinfection (dpi). At 3 dpi, most ZsGreen1 ϩ cells at the site of infection are DCs, monocytes, and resident macrophages (Fig. 4A) , and no detectable infected or ZsGreen1 ϩ populations were observed in the spleen and draining LN (data not shown). As the infection progresses to day 5, the cellular composition of the peritoneum changes as monocytes, DCs, and neutrophils continue to be recruited to the site of infection. These cells are increasingly infected (Toxo ϩ ) compared to those at day 3 and are accompanied by an increase in the U-I population (Fig. 4B) . At day 10, the infection has started to resolve in the peritoneum as indicated by the reduced frequency of Toxo ϩ cells, but the fraction and number of U-I cells remain high. When the spleen and draining LN were examined, few infected and/or ZsGreen1 ϩ cells were detected at days 3 and 5, but these cells were present by day 10 in the spleen and draining lymph nodes (see Fig. S1 in the supplemental material). The lack of DCs or macrophages that had interacted with T. gondii in these secondary lymphoid organs at days 3 and 5 was surprising, as these sites have been shown to be critical for cytokine production as well as priming of the adaptive immune response.
The experiments with the avirulent Toxoplasma-Cre parasites revealed a high frequency of U-I monocytes, macrophages, and DCs. Although the injection of rhoptry proteins without productive invasion by the parasite (kiss-and-run model) could account for these populations, it was also possible that in vivo these cells were activated by IFN-␥ to destroy intracellular parasites (46, 47) , giving rise to a subpopulation of cells with a U-I phenotype due to injection of the Cre during invasion and subsequent death of the parasite. To address this possibility, Ai6 mice were treated with control rat IgG antibody or anti-IFN-␥ monoclonal antibody and infected with Pru-Cre-mCherry. Analysis of the PECs at 5 dpi showed that mice treated with control rat IgG had significant populations of U-I dendritic cells, resident macrophages, and inflammatory monocytes (Fig. 5A) . When mice were treated with anti-IFN-␥, the populations of Toxo ϩ ZsGreen1 ϩ cells were markedly increased, while the percentage and number of U-I cells in these cell populations were significantly reduced ( Fig. 5B and  C) . These data suggest that a subset of the U-I population may reflect parasite clearance by infected cells, as previously proposed (41, 44) .
Tracking host-parasite interactions that lead to IL-12 production. These newly developed techniques to track host-parasite interactions were then applied to understand the mechanisms that lead to IL-12p40 expression. As DCs have been implicated as the required source of IL-12p40 in vivo, bone marrow DCs (BMDCs) and CD8␣ ϩ splenic DCs derived from Ai6 mice were infected with Pru-Cre-tdTomato. At 20 hpi, DCs were incubated for 6 h in brefeldin A and analyzed for IL-12p40 production by intracellular cytokine staining as a function of infection and ZsGreen1 expression. Infection of BMDCs showed that infection with the parasite (Toxo ϩ and Toxo ϩ ZsGreen1 ϩ [DP]) drove IL-12p40 production more than injection of rhoptry proteins alone (U-I) or the presence of the parasite alone (untouched) (Fig. 6A) . In contrast, the addition of parasites to cultures of CD8␣ ϩ splenic DCs resulted in marked IL-12p40 production, but this was not preferentially associated with any host-parasite interaction (Toxo ϩ , DP, or U-I) (Fig. 6B) . Indeed, the finding that "untouched" populations produced similar levels of IL-12p40 suggests that a soluble factor may be responsible for activating all the cells in these cultures, regardless of whether they have been infected or injected.
To examine IL-12p40 production in vivo, Ai6 mice were infected with Pru-Cre-tdTomato i.p. and the cellular sources of IL-12p40 were analyzed at 3 dpi. In contrast to the in vitro studies with BMDC, flow cytometric analysis of the innate cells in the PECs showed that while dendritic cells (Fig. 7A ) and inflammatory monocytes (Fig. 7B) were the primary sources of IL-12p40 ϩ cells, less than 10% of the IL-12p40 ϩ populations had interacted with T. gondii (Fig. 7C) . One limitation to this approach was that the fixation necessary to detect intracellular IL-12p40 resulted in the loss of the diffuse mCherry or tdTomato signal that results from the phagocytosis of the parasite (but not the punctate staining of the parasites themselves [data not shown]), making it difficult to assess whether the cells that were making IL-12p40 had phagocytosed T. gondii. To directly address this issue, IL-12p40 reporter knock-in mice (YET40) that express the p40 gene linked with eYFP via a viral internal ribosome entry site element (48) were infected with 10 6 Pru-tdTomato parasites i.p. or injected with 2 ϫ 10 6 RH parasites that expressed mCherry and had been treated with 4-BPB to prevent invasion and induce phagocytosis. RH-mCherry parasites were used in place of PrutdTomato because the fluorescence of mCherry is maintained after phagocytosis of parasites in vivo (49) . Although the RH and Pru strains of T. gondii can have different effects on host cells, treatment with the 4-BPB inhibitor prevents the injection of the parasite rhoptry proteins and results in phagocytosis of the parasite that also prevents the intracellular injection of dense granule proteins. Because rhoptry and dense granule proteins are primarily responsible for eliciting the phenotypic differences between parasite strains, the use of different parasite strains should not have an impact on the ability of cells to respond to phagocytosed parasites. Similar to the IL-12p40 staining following challenge, YFP was expressed primarily in uninfected DCs, while few infected innate cells were YFP ϩ (Fig. 8A ) as determined by cell number (Fig. 8B) . The percentage of infected cells that are YFP ϩ is comparable to that in uninfected populations (Fig. 8C) , indicating that while infected cells are capable of making IL-12p40, infection alone does not drive production of the cytokine. In mice dosed with live but invasion-inhibited parasites, the major sources of YFP ϩ cells were untouched DCs and resident macrophages ( Fig.  8D and E) . Phagocytosis of T. gondii (mCherry ϩ ) did result in an increased frequency of YFP ϩ cells compared to mCherry Ϫ cells (Fig. 8D and F) ; however, this increase was less than what has been previously reported in other models of innate activation (48) . In addition, the quantitation of the percentage of YFP ϩ cells for each cell type revealed that cells that have been infected by or have phagocytosed the parasite are not deficient in making IL-12p40 compared to uninfected cells ( Fig. 8E and F) . To conclude, infection by or phagocytosis of T. gondii is not associated with the preferential expression of IL-12p40.
DISCUSSION
Over the last 20 years, many advances have allowed the engineering of transgenic T. gondii to better understand how these organisms interact with host cells (43, (50) (51) (52) . The development of parasite strains that express various fluorescent proteins has been useful to identify infected cells but also has limitations. For example, studies in mice challenged with T. gondii that expresses YFP or red fluorescent protein (RFP) were important for the recognition that infected cells were not major sources of IL-12 (18, 34) . However, RFP and YFP quickly lose their fluorescent signal with decreases in pH, which makes it difficult to follow the fate of phagocytosed parasites. In contrast, the mCherry protein is stable at low pH (53) , which may explain the ability to detect diffuse staining in cells that have phagocytosed parasites that express this fluorescent marker. However, because mCherry is dimmer and is susceptible to fixation, it is technically challenging to combine this marker with intracellular staining for cytokines, whereas tdTomato can be used for this purpose. Thus, the opportunity to use ToxoplasmaCre strains that express different fluorescent proteins combined with Ai6 reporter mice allows the differentiation of viable intracellular organisms from phagocytosed parasites and offers new insights into the events that contribute to the uninfected but injected (U-I) population. There do remain caveats to use of this reporter system, which include the slow kinetics of ZsGreen1 expression, but this does provide the opportunity to differentiate recently infected populations from those infected for longer periods of time. Nevertheless, these studies illustrate the utility of access to a range of genetically encoded markers and reporters that can be used to help identify different host-parasite interactions, principles that are also relevant to other intracellular pathogens.
While in vitro analysis revealed a small population of U-I cells, the in vivo experiments with the avirulent Pru strain showed that these cells became the most frequent population at later time points after infection. Because IFN-␥-meditated mechanisms mediate control of this strain of T. gondii, it was possible that clearance of intracellular tachyzoites might contribute to the U-I population in vivo. Indeed, experiments blocking IFN-␥ led to a marked reduction in the frequency of these U-I cells, which would support this hypothesis. An alternative explanation is that the increased parasite burden in the absence of IFN-␥ results in the infection of cell populations that would have normally been sub- ϩ CD11b Ϫ splenic DCs were incubated in brefeldin A for 6 h and then analyzed by flow cytometry for IL-12p40 production in cells divided into subsets for Toxo-tdTomato and ZsGreen1 expression. The percentage of CD8␣ ϩ DCs producing p40 was then quantified.
ject to the kiss-and-run interaction. Nevertheless, because the U-I population was not entirely ablated when IFN-␥ was neutralized, it remains likely that a population of U-I leukocytes results from kiss-and-run interactions with T. gondii, as appears to be the case for neurons in an infected brain (41) . Additional studies are needed to determine whether these populations are phenotypically distinct from infected cells and if they influence the outcome of infection.
As noted in the introduction, there are data that imply that direct interactions between T. gondii and DCs and/or macrophages are required for IL-12 production (31, 54), while other reports have shown that the main source of IL-12 is uninfected cells (14, 18, 34) . These previous studies would not have been able to distinguish uninfected cells from populations that (i) had been injected but never infected, (ii) had been infected but then had cleared the parasites, or (iii) had phagocytosed dead T. gondii. The in vitro studies that compare the abilities of BMDCs and CD8␣ ϩ splenic DCs to produce IL-12p40 when incubated with live T. gondii reflect the variation in the literature. For BMDCs, direct interactions with T. gondii through infection or phagocytosis are associated with the production of IL-12, whereas the CD8␣ ϩ splenic DCs appear to be most responsive to soluble factors produced in these cultures. The in vivo analysis concurs with current models that the most prominent source of IL-12 during toxoplasmosis is DCs, especially CD8␣ ϩ splenic DCs, but also suggests that these populations have not interacted with T. gondii in any way (infected, injected, or phagocytosed). These observations contribute to our understanding of the cellular interactions between T. gondii and immune populations in several ways and suggest that it is the interaction between a soluble factor and these immune populations that drives IL-12p40 production. There is a well-developed literature showing that profilin, a soluble cytoplasmic molecule involved in parasite motility, is primarily responsible for the induction of IL-12p40, which is dependent on the MyD88, UNC93B1, and TLR11/12 components of the TLR sensing pathways (24, 25, 27, 34, 54) . Recent evidence has shown that UNC93B1, TLR11, and TLR12 are localized to the endolysosome upon treatment with soluble profilin (34, 54) . Because T. gondii actively invades host cells and resides in the nonfusogenic PV, it has been hypothesized that endocytosis of soluble profilin (released as a consequence of parasite lysis) or phagocytosis of the intact parasite allows TLR11/12 access to profilin. While these studies have demonstrated that phagocytosis of the intact parasite does not drive IL-12p40 production and suggests that the mechanism is instead endocytosis of a soluble parasite factor such as profilin (34, 35) , further work is needed to rule out other hostderived factors induced by infection.
One of the surprising questions raised by this work is why macrophages and DCs at the site of infection, which are infected or had phagocytosed T. gondii, are not more prominent sources of IL-12. Prior work, along with this study, has shown that following i.p. challenge with T. gondii, the resident cell populations in the peritoneum (i.e., not those recruited) do not produce IL-12p40 (18) . In both studies, infected cells were not induced to make IL-12p40, while these studies also demonstrate that phagocytosis of the parasite does not drive IL-12p40 production. This lack of responsiveness is reminiscent of the TLR desensitization observed in resident macrophages in other tissues (55) . Another possibility is that the lack of IFN-␥ at the site of infection at early time points after infection mutes the response to the TLR stimulus. It has long been appreciated that IFN-␥ priming can promote the IL-12 production by macrophages and DCs, and IFN-␥ can promote the remodeling of the chromatin structures that allows increased access to the IL-12 gene (11) .
Finally, in the context of studies that show that infected DCs are required for the development of CD4 ϩ and CD8 ϩ T cell responses to T. gondii (43, 56, 57) , the finding that IL-12p40 is produced by cells that are not infected (or have not been injected with Pru-Cre-tdTomato were analyzed at 3 dpi for IL-12p40 production. DCs that were IL-12p40 ϩ were then divided into subsets and quantified based on Toxo-tdTomato and ZsGreen1 expression. The percentage of each subset was then quantified. (B) Monocytes were also analyzed for IL-12p40 production, and IL-12p40 ϩ cells were analyzed for Toxo-tdTomato and ZsGreen1. (C) The numbers of untouched, Toxo ϩ ZsGreen1 Ϫ , Toxo ϩ ZsGreen1 ϩ , and U-I DCs and monocytes expressing IL-12p40 in the peritoneum were quantified. or phagocytosed T. gondii) suggests that cells that are presenting parasite antigen are not making IL-12. It is unclear whether this result indicates that the presentation of antigen and production of IL-12 necessary for adaptive T cell responses are performed by distinct DC subsets or is simply a reflection of temporal interactions of accessory cells with parasites and parasite-derived materials that cannot be distinguished using this reporter system. The ability to further refine the reporter systems utilized here combined with the ability to image these host populations in vivo should provide an opportunity to dissect the events that are required for the initiation of a protective immune response during toxoplasmosis. 
